The evolution of separate males and females is an important evolutionary transition that has occurred multiple times in flowering plants. While empirical studies have stressed the potential importance of natural enemies and organismal interactions in the evolution of separate sexes, there has been no treatment of natural enemies in the theoretical literature. We investigated the effects of disease on the evolution of females in gynodioecious populations composed of females and hermaphrodites, where sex is determined by the interaction of cytoplasmic male sterility (CMS) and nuclear restorer genes. When females are significantly more resistant than hermaphrodites, disease drives an increase in the frequency of females and sex determination becomes nuclear, creating the pre-conditions for the evolution of separate males and females. However, when females are only moderately more resistant, disease drives changes in the frequency of CMS and restorer alleles, but has little effect on the frequency of females. We discuss our results in the context of the evolution of mating systems and cyto-nuclear epistasis.
Introduction
The partitioning of reproduction into two separate sexes is a remarkably important evolutionary transition that ensures the production of outcrossed progeny and also results in separate ecologies for females and males. Sex as a mechanism of producing genetically diverse progeny has been studied extensively [1] [2] [3] , and infectious disease is established as a major selective force driving this evolution [4 -6] . The evolution of sexual dimorphism following the emergence of separate sexes has also been studied extensively and influences both levels of disease exposure [7 -9] as well as immunity [10, 11] . However, the question of whether disease plays a role in the incipient evolution of separate sexes has been largely omitted from the evolutionary discussion. Here we use a modelling approach to ask whether infectious disease can drive the evolution of females in hermaphroditic populations and set the conditions for the evolution of separate sexes.
In flowering plants, the evolution of females from hermaphrodites is widely considered to be the first step towards the evolution of separate males and females, or dioecy [12] [13] [14] . Females will evolve if genes conferring male sterility arise and provide a fitness advantage for females over hermaphrodites. As females become more frequent, the fraction of hermaphrodite fitness that comes from male function increases, eventually allowing the spread of female sterility alleles and the evolution of males [15] . Thus, under this conceptual model, the evolution of a female-biased sex ratio can be viewed as a critical prerequisite for the evolution of dioecy [16] .
The evolution of dioecy also requires an important transition in the genetic basis of sex. Sex determination in dioecious species is nuclear, indeed, an important caveat for the spread of a female sterility gene is that it must be tightly linked on the same chromosome as the male sterility gene [15, 17] . However in gynodioecious populations (females and hermaphrodites), sex is often determined by cytoplasmic male sterility (CMS) genes, which arise in the mitochondria and are thought to act as 'selfish' genes that increase the fitness of the mitochondria at the expense of the whole organism [18] [19] [20] [21] . In response, many nuclear genomes have evolved 'restorer' genes capable of counteracting CMS genes and restoring male function [22] [23] [24] . In populations that are polymorphic at both the CMS and nuclear restorer loci, sex is determined by the epistatic interaction between these loci [25, 26] . Sex determination can become nuclear if selection sweeps the male sterile cytoplasm to fixation, leaving the nuclear restorer gene polymorphic [27, 28] . Thus, fixation of the CMS cytotype and evolution of nuclear sex-determination can also be viewed as a critical prerequisite for the evolution of dioecy.
Disease has the potential to be a powerful agent of selection for females. In animals, females have been shown to experience lower rates of disease exposure than males, due to different social interactions [8, 29] . Females have also been shown to invest more in immunity and other forms of resistance [10, 11] because female fitness is often maximized by longevity rather than reproduction. These female-specific advantages with respect to disease, and natural enemies in general, have also been found in both dioecious [7, [30] [31] [32] and gynodioecious plants [33] [34] [35] [36] leading several authors to argue that natural enemies may play an important role in the evolution of separate sexes [37] [38] [39] [40] . However, we still lack a clear understanding of how selection from disease interacts with the complex genetic basis of sex in gynodioecious populations to drive the evolution of mating systems.
Here we combine a cyto-nuclear genetic model of gynodioecy [41] with a classic susceptible-infected (SI) model of disease dynamics [42] to investigate how sex-specific resistance to disease affects the evolution of females and the genetic basis of sex. We first ask whether disease can drive the evolution of gynodioecy from hermaphroditism by providing a selective advantage for females. We then ask whether disease can drive the evolution of gynodioecy in ways that favour the evolution of dioecy by increasing female frequency and shifting the genetic basis of sex from cyto-nuclear to nuclear.
Our results show that selection from disease can have strong, and often unexpected effects on the evolution of plant mating systems. In hermaphroditic populations, we show that small increases in female resistance can drive the evolution of gynodioecy in the presence of disease. In gynodioecious populations, we show that when females are much more resistant than hermaphrodites, disease can drive populations towards dioecy by increasing the frequency of females and shifting the genetic basis of sex from cyto-nuclear to nuclear. However, when females are only moderately more resistant, disease may drive a 'cryptic' evolutionary response, detectable only through changes in CMS and restorer frequencies rather than changes in female frequency.
The model
To investigate the effect of disease on the evolution of mating systems, we first constructed a genetic model of cyto-nuclear gynodioecy that consisted of two maternally inherited cytotypes (one male fertile, one male sterile) and a single nuclear restorer locus with two alleles, similar to previous genetic models of gynodioecy [27, 41] . We then introduced numerical dynamics and population regulation by incorporating a density-dependent birth rate and fixed mortality rate. Then, we overlaid an SI disease model on this numerical framework to investigate the sex-specific effects of disease. We examined the dynamics under two different disease transmission modes: frequency-dependent transmission (observed in vector borne and sexually transmitted diseases) and classic mass-action transmission (observed in wind and splash borne diseases).
(a) Genetic model Our genetic model followed that of Dufay et al. [41] for an outcrossing plant. Sex was determined by the interaction between cytotype and a single nuclear restorer locus (table 1). The male fertile cytotype, cms, always produced hermaphrodites. The male sterile cytotype, CMS, caused individuals to become female due to a loss of male function, unless a restorer allele, R, was present. Previous theoretical work has shown that stable cyto-nuclear gynodioecy can only be maintained if a female fertility advantage and a cost of restoration are included [27, 41, 43] . Females were assumed to have a female fertility advantage, a, and a dominant, constitutive cost associated with the restorer allele, cr, was applied to the male component of fertility of individuals carrying at least one restorer allele ( [41] ; table 1). We also included a cost, cc, associated with carrying a male sterile cytotype because previous work has shown that stable cyto-nuclear gynodioecy is not possible without cc , 1 [41] . Under these parameters, all genotypes with a restorer allele bear a cost of decreased pollen production, but the cost is higher in genotypes where the restorer is expressed. The recursion equations for determining the number and frequency of genotypes in the next generation follow those of Dufay et al. [41] and are given in the electronic supplementary material, appendix A.
(b) Numerical population regulation
To incorporate numerical population dynamics, we added a constant death rate, m, to all genotypes and a densitydependent population regulation term, k, to the birth rate, where k represents the strength of density dependence [44] . The number of individuals of genotype G i in the next generation can then be represented as:
where Z i is the number of new zygotes of genotype G i prior to population regulation (electronic supplementary material, appendix A) and N is the total population size.
(c) Disease dynamics
We added disease dynamics by overlaying an SI epidemic model [42] . For simplicity, we assumed that the disease was completely sterilizing, but did not affect host mortality. Individuals that became infected were transferred from one of the six healthy classes to a diseased class, D, in which there was no differentiation between sexes. The dynamics are represented by the following equations:
and
where b is the transmission coefficient, and T is the transmission mode. For diseases with frequency-dependent transmission, T ¼ D/N. For diseases with classic mass-action transmission, T ¼ D.
To determine whether sex-specific differences in disease resistance can drive the evolution of sex ratio we assumed separate transmission coefficients for hermaphrodites (b H ) and females (b F ). Females were more resistant when b F , b H . The number of individuals of each genotype in each time step was calculated from the following equations:
where G Hi is the number of hermaphrodites with genotype H i and G F is the number of females.
(d) Simulations
We used the above model to investigate two questions. First we asked whether disease could drive the evolution of females in conditions where they would otherwise not be maintained. We assumed there was no inherent female fertility advantage (a ¼ 1) and ran invasion simulations in which a single diseased individual was introduced into a population of hermaphrodites with a low frequency of restored hermaphrodites (starting conditions: 990 cms_rr, 10 CMS_Rr). Second, we asked whether the introduction of disease into populations at stable cyto-nuclear gynodioecy could help set the conditions for dioecy by increasing the frequency of females and driving the evolution of nuclear sex-determination. We ran simulations using parameter combinations that have previously been shown to result in stable cytonuclear equilibrium [41] and then introduced a single diseased individual after the population reached a stable equilibrium. We ran each simulation for 5 000 time steps following the introduction of disease and found that all simulations reached stable equilibrium (less than 1% change in female frequency) within this time frame. All simulations were run with both frequency-and density-dependent diseases. We ran additional simulations using the frequency-dependent disease model to evaluate the effects of the different values of female fertility advantage, costs of restoration, and starting conditions. All work was carried out using R v. 2.12.0 (The R foundation for statistical computing).
Results (a) Effect of disease on the invasion of females
When females were more resistant than hermaphrodites (b F , b H ), the introduction of disease allowed females to invade and persist in populations without any inherent fertility advantage (figure 1). Disease spread and persisted at a stable equilibrium within populations as long as b H . 0.2, the background mortality rate. When disease was not present, females were not able to invade and the CMS cytotype was quickly lost. Large differences in female resistance (b F ( b H ) resulted in fixation of the CMS cytotype and a transition to nuclear sex-determination (figure 1c). Smaller differences in female resistance resulted in the maintenance of cyto-nuclear sex-determination, either through stable point-equilibria or through stable-limit cycles.
(b) Effect of disease in populations at stable gynodioecy (i) Effect of disease on female frequency
Introducing disease with frequency-dependent transmission into populations in which females were already maintained at a stable equilibrium through an inherent fertility advantage (a . 1) affected the evolution of females in unexpected ways (figure 2). In all cases, the CMS cytotype increased when females were more resistant than hermaphrodites and decreased when females were less resistant than hermaphrodites (figure 2a,e). However, changes in female frequency did not necessarily correspond to changes in CMS frequency (figure 2b,f ). Instead we found that females only increased in frequency when they were significantly more resistant than hermaphrodites (b F ( b H ) or, surprisingly, under some parameter combinations when they were less resistant than hermaphrodites (b F . b H ; figure 2b,f ). Moderate levels of female resistance (b F , b H ) resulted in no change or drove very small decreases (less than 0.0035) in female frequency compared with pre-disease equilibrium (figure 2b,d and electronic supplementary material, figure S1 ). Results were qualitatively rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20153035 similar when disease transmission was density dependent (electronic supplementary material, figure S2) .
As in the simulations without a female advantage, models that included a female advantage also required a minimum threshold value of b H for disease persistence. For both frequency-and density-dependent diseases, the hermaphrodite transmission rate had a much larger effect on disease prevalence than female transmission (electronic supplementary figure S3 ). Indeed, disease was able to persist even when females were completely resistant b F ¼ 0 (electronic supplementary material, figure S3 ). This asymmetry in the epidemiological effects of b H and b F helps explain why the CMS allele can be maintained even when females are less resistant than hermaphrodites. For a frequency-dependent disease, we can calculate the relative per capita fertility of females (W F ) to hermaphrodites (W H ) as:
where P* is disease prevalence at equilibrium. In the case where hermaphrodites are more resistant (b H , b F ), P* is also low, which reduces the overall contribution of disease resistance to female fertility (electronic supplementary material, figure  S3 ). Thus, unless a*cc is very close to 1, females will still have net fertility advantage over hermaphrodites.
(ii) Effect of disease on the genetic basis of sex Strong selection for females by disease led to fixation of the CMS cytotype, and sex determination shifted from cytonuclear to purely nuclear (figure 2c). When selection for females by disease was strong enough to sweep the CMS cytotype to fixation, the response to selection was in the predicted direction, and females increased in the presence of disease (figure 2b, lower right corner). However, when selection for females by disease was not strong enough to sweep the CMS cytotype to fixation (figure 2c,g blue regions), the response to selection was complex, and female frequency either did not change or decreased slightly in the presence of disease (figure 2b,f, white regions below the diagonal; electronic supplementary material, figure S1 ). This counter-intuitive response arose because the nuclear restorer allele also increased in frequency as a result of selection (figure 2d). Populations responded in the opposite direction of selection when females were selected against (b F . b H ), as long as selection was not strong enough to drive the loss of the CMS cytotype (figure 2b,f, red region above diagonal). In this case, selection by disease drove a decrease in the frequency of the CMS cytotype and an even greater decrease in the frequency of the nuclear restorer allele, leading to a net increase in female frequency (electronic supplementary material, figure S4 ).
(iii) Effect of an inherent female fertility advantage
Increasing the inherent female fertility advantage from a ¼ 1.5 to 2 significantly changed the response to selection from disease (figure 2e-h). Females and nuclear sex-determination evolved under a broader range of b F and b H ( figure 2f,g ). Increasing a increased the frequency of the CMS cytotype prior to the introduction of disease from 0.33 to 0.55, moving it closer to fixation. We ran additional simulations where we held a constant and varied the starting CMS frequencies and found that the evolutionary response to disease did not depend on the starting frequency of CMS, and was entirely predicted by a (electronic supplementary material, figure S5 ).
(iv) Effect of the cost of restoration
Lowering the cost of restoration, cr, increased the disease-free equilibrium frequency of the CMS and females, but the cost had relatively little effect on the response to disease (electronic supplementary material, figure S6 ). Moderate costs that ranged between cr ¼ 0.1 and 0.3 did not cause any detectable difference in the response to disease. Very low costs, cr ¼ 0.05 resulted in a stronger increase in females in response to disease, whereas high costs, cr ¼ 0.50, resulted in either a decrease in females (electronic supplementary material, figure S6 ) or negligible change (electronic supplementary material, figure S6) , depending on the level of inherent female advantage.
(v) Effect of disease on the heritability of sex
Phenotypic response to selection is determined by the strength of selection and heritability of the trait, R ¼ h 2 s. Thus, in the cases where evolution occurs in the opposite direction of selection (e.g. when sex determination is cyto-nuclear), the heritability of sex must be negative. To test this, we calculated the proportion of female progeny produced by females under different selection regimes. We found that increasing selection for females from disease led to an increase in the overall frequency of the CMS cytotype (figure 3a, rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20153035 black line), but led to a decrease in the heritability of the CMS_rr gene combination that gives rise to females in this scenario (figure 3b). The net result was that the frequency of females did not change in response to selection from disease (figure 3c). In contrast, we found that selection against females when they were less resistant to disease led to a decrease in the frequency of the CMS cytotype, but an increase in the heritability of the CMS_rr gene combination ( figure 3, grey lines) . The net result in this case was that females evolved in the opposite direction of selection from disease.
Discussion
Empirical studies have shown that female plants are often less affected by disease and herbivory than hermaphrodites [33 -35] . For example, Ló pez-Villavicencio et al. [36] found that exposing Gypsophila repens flowers to the spores of the sterilizing fungal pathogen Microbotryum violaceum led to signficiant reductions in fruit and seed production in hermaphrodite plants but did not affect the fertility of female plants. Such observations have led to the hypothesis that natural enemies may drive an increase in the evolution of females [37] [38] [39] . Our results show that disease can indeed be a powerful selective force driving the evolution of mating systems. We show that disease can facilitate the invasion and maintenance of females into populations even when sex-specific differences in disease resistance are small, and could therefore play a role in the incipient evolution of gynodioecy. We also show that in some cases the introduction of disease into gynodioecious populations can help set the conditions for dioecy by driving the evolution of femalebiased sex ratios and shifting the genetic basis of sex from cyto-nuclear to nuclear. However, we also found that disease can drive the evolution of mating systems in unexpected ways: when females are only moderately more resistant than hermaphrodites, the introduction of disease has little effect on female frequency. Additionally, when females are less resistant than hermaphrodites, disease can drive an increase in female frequency. The complexity of these results highlights the necessity of integrating sex-specific measures of disease resistance into explicit genetic models of sex determination.
(a) Effect of disease on the evolution of nuclear sex determination
Nuclear sex-determination appears to be a key factor in determining the phenotypic response to selection from disease. When selection for females was strong enough to drive the CMS cytotype to fixation, sex determination became nuclear, and the evolution of females occurred in the same direction as selection. When selection was not strong enough to fix the CMS cytotype, sex determination remained cyto-nuclear and the evolution of females was highly unpredictable. Predicting the relative level of female resistance needed to drive the CMS cytotype to fixation is therefore critical in predicting how the sex ratio will evolve in response to disease. Our results show that differences in female resistance combine with underlying differences in female fertility to drive the evolution of nuclear gynodioecy in the presence of disease. Dufay et al. [41] showed that female fertility has to be twice that of hermaphrodites for the CMS to reach fixation (a*cc . 2). We find that if there is no inherent female fertility advantage (a ¼ 1), then females must be approximately twice as resistant as hermaphrodites for disease to drive the evolution of nuclear sex-determination. When females have a preexisting fertility advantage (a . 1), smaller levels of female-specific resistance can push relative female fitness above 2, and drive the CMS cytotype to fixation. Exact solutions are difficult because disease prevalence also changes under different transmission rates. However, as long as the hermaphrodite transmission is large enough to sustain disease (b H . m), this general rule of thumb seems to predict fixation:
ð4:1Þ
Thus in order to predict whether disease is likely to drive the evolution of nuclear sex-determination and an increase in female frequency, one must measure both the relative infection rate of females and hermaphrodites and the inherent differences in seed production. An important cautionary note is that observations of sex ratios and measures of sex-specific levels of resistance do not provide any predictive power on their own. While intuition might suggest that populations with a higher proportion of females prior to disease are likely to be closer to the critical 'tipping' point for disease to drive populations into nuclear sex-determination, differences in the cost of restoration can mask large differences in fertility advantages and result in populations with similar sex ratios but very different evolutionary potentials. For example, consider two gynodioecious populations with similar CMS and female frequencies but different advantages and costs: population A has a higher inherent fertility advantage, and a higher cost of restoration (a ¼ 1.6, cr ¼ 0.5). Population B has a lower inherent fertility advantage, but also a lower cost of restoration (a ¼ 1.3, cr ¼ 0.3). At equilibrium, population A has a lower frequency of females (4%) than population B (8%). Armed with only sex ratio data, we might assume that females in population B have a higher fertility advantage. However, if we introduce a disease where b H ¼ 0.4, and b F ¼ 0.2, into both populations, the outcomes are extremely different: in population A, the disease drives the CMS cytotype to fixation and female frequency increases fourfold to 16%. However in population B, and the introduction of the same disease does not drive the cytotype to fixation and female frequency declines slightly to 7.8%. Thus in this example, the population with a lower starting frequency of females appears to respond much more strongly to the same disease than the population with a higher initial female frequency.
(b) Effect of disease on sex ratio when sex determination is cyto-nuclear
When the combined effect of female disease resistance and underlying female fertility advantages were not strong enough to drive the evolution of nuclear sex-determination (equation (4.1)), the evolutionary response to disease was complex. In most cases, female frequency did not change at all, even when females were considerably more resistant than hermaphrodites. In other cases, female frequency rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20153035 evolved in the opposite direction of selection; females decreased slightly in frequency when they were more resistant and increased when they were more susceptible. These counter-intuitive responses stem from the fact that when the trait is determined by a specific cyto-nuclear combination, selection and heritability are no longer independent. Indeed, a key finding from our results is that increased selection for a specific cyto-nuclear combination can simultaneously decrease the heritability of that combination. In our case, this negative relationship occurred because the heritability of the cyto-nuclear combination that gave rise to females (CMS_rr) was entirely determined by the frequency of the restorer allele in the pollen pool. Females can produce either female (CMS_rr) or restored hermaphrodite (CMS_Rr) progeny, depending on the frequency of R in the pollen. In the case where females were more resistant, the introduction of disease resulted in an increase in both of these progeny genotypes in the next generation. Because females cannot produce pollen, the initial increase in these two genotypes disproportionately increased the frequency of R in the pollen. The over-representation of the R allele in the pollen in turn increased the proportion of female ovules that were fertilized by R pollen, which decreased the heritability of the CMS_rr combination and prevented any phenotypic change in female frequency. In the case where females were less resistant than hermaphrodites (but still maintained an overall seed fertility advantage), the unrestored hermaphrodite (cms_rr) became the most fit genotype in the population because it did not suffer any costs associated with restoration.
However an initial increase in the cms_rr genotype led to an increased frequency of r in the pollen, which increased the heritability of the CMS_rr gene combination and led to a net increase in the frequency of females. There is growing evidence that cytoplasmic genomes provide a rich source of genetic variation for the expression of many other life-history traits besides male sterility, including metabolism [45] and longevity [46] . Moreover, it appears that a large proportion of this variation is driven by epistatic interactions between cytoplasmic and nuclear genes [24, 47] . Experimental work in a variety of plant, animal, and fungal species [48 -50] have repeatedly shown that novel combinations of cytoplasmic and nuclear genomes can result in fitness differences, suggesting reciprocal selection on organelle and nuclear genomes [49, 51] . These observations have led to the recent conclusion that cyto-nuclear interactions are 'a key unit on which natural selection acts' [47] . However, we still have a limited understanding of how traits controlled by cyto-nuclear epistasis respond to selection. Our results illustrate how remarkably non-intuitive the evolutionary outcome of these epistatic interactions can be.
(c) Role of natural enemies in the evolution of mating systems
While our focus was on the effects of disease, our results appear to be quite general and likely apply to other natural enemies or even other external sources of selection for females. As long as the transmission rate to hermaphrodites was above the mortality rate, disease persisted stably within the population and exerted a relatively constant selection pressure. In addition, the insights generated from our results do not appear to be strongly determined by specific transmission dynamics, as the disease transmission mode did not have a strong effect on the evolutionary outcomes. Indeed, for the most part, sex-specific differences in disease resistance appeared to act simply as an additional type of female fertility advantage. However, our model only considered a single uniform population and therefore may not have captured one of the most important differences between biotic selection from ecological interactions and selection from inherent differences in seed production: spatial heterogeneity. In natural plant populations, disease incidence is often both spatially and temporally heterogeneous, with pathogens only persisting at the metapopulation level [52] [53] [54] [55] . Spatial variation in sex ratio has also been observed in many different gynodioecious species [56] [57] [58] [59] [60] and there is good reason to believe that, in many species, metapopulation dynamics play a large role in the maintenance of gynodioecy [56, 61, 62] . McCauley & Taylor [63] showed that once among population differences in sex ratio are established, females can be maintained at the metapopulation-level through frequencydependent selection, and can persist even in the absence of fertility advantages or costs. Spatial heterogeneity in disease could play an important role in establishing these initial differences in among-deme sex ratios. Our results show that disease can facilitate the invasion of females into hermaphrodite populations even in the absence of inherent fertility advantages. If selection is strong enough to establish significantly different sex ratios among populations, females could potentially be maintained through metapopulation dynamics long after epidemics have passed.
Conclusion
The evolution of females in gynodioecious populations has been studied extensively by theoretical biologists [27, [64] [65] [66] , but despite growing empirical evidence of sex-specific differences in interactions with natural enemies [33, 35, 37, 39, 67] no aspect of community ecology has ever been incorporated into these models. Our results illustrate that the inclusion of natural enemies generates novel insights into the evolution of mating systems. We show that even in environments where females have a fitness advantage with respect to disease resistance, the response to selection can be complex and depends on the genetic basis of sex and existing differences in female fertility. In some cases, disease can help set the conditions for the evolution of dioecy by driving the evolution of nuclear sex-determination and increasing female frequency. In other cases, disease may have strong effects on the genetic composition of a population, but little discernable effect on the sex ratio.
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